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ABSTRACT 
Several estimators of population  differentiation have been  proposed in the  recent past to deal with 

various types  of genetic  markers ( i e . ,  allozymes, nucleotide  sequences, restriction fragment length polv- 
morphisms, or microsatellites). We discuss the relationships among these estimators and show  how a 
single analysis of variance framework can  accomodate  these qualitatively different data types. 

T HE analysis  of molecular variance (AMOVA) (EX- 
COFFIER et al. 1992) was initially introduced as an 

extension of the analysis  of gene  frequencies (COCK- 
ERHAM 1973; LONG 1986; WEIR and COCKERHAM 1984) 
for  molecular haplotypes in an essentially haploid sys- 
tem. The typical input  for AMOVA consisted of a matrix 
of  pairwise Euclidean distances between all multisite 
haplotypes and files containing  the frequency of those 
haplotypes within each population. We show here  the 
equivalence of this approach to a weighted average of 
single-locus treatments as defined by WEIR and COCK- 
ERHAM (1984). Under a  particular  definition of the dis- 
tance between haplotypes, we show that  the AMOVA 
can be applied to microsatellite data to obtain  an ana- 
logue of the R,Sr statistic recently defined by SIATHN 
(1995). The AMOVA treatment  thus provides a general 
framework for  the analysis  of population  genetic struc- 
ture, as the assumptions on  the evolution of a given 
polymorphism can be embedded within the definition 
of a Euclidean distance without affecting the essential 
structure of the AMOVA analysis. 

AMOVA as a  weighted  average of single-locus  treat- 
ments: The AMOVA approach was initially developed 
to estimate population  genetic  structure from molecu- 
lar haplotype frequencies in haploid organisms, using 
an analysis  of variance framework (Table 1). The same 
framework can be used for  diploid organisms. For sim- 
plicity, we  will consider  the case of a genetic polymor- 
phism at several  loci in a diploid organism assuming 
that  the gametic phase is known. We  will later show that 
this simplifjmg assumption is unnecessary for the kind 
of treatment we consider.  Under this approach, each 
molecular haplotype i is treated as a vector of single- 
locus allelic states a,, of dimension  equal to the  number 
of loci considered, say m, as at = [ a j , ,  ai2, ai3 . . . a J ' .  
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The fSr analogue @'s7. is conventionally obtained as the 
ratio of the estimated variance component  due to differ- 
ences among P populations (&:) over the estimated 
total variance (e2 =&: + 5:,) as @,Sr = e:/&*. Expanding 
@,SI., in terms of sums of squared deviations from the 
mean (SSDs) ,  leads to 

&/. = (2N- PSSD(7)  - (2N- l)SSD(LW) 
(2N- P)SSD(n - (2N - 1 - b)SSD(LW) ' 

(1) 

where b is equal to n' ( P  - 1) , and n' is defined in Table 
1. Note  that  the SSDs are functions of the haplotypic 
vectors as 

f' 1 "v7 I 

- 1  2Nr > = I  j = 1  
S W W  = c - c c 6% , (2) 

where N, is the size  of rth sample, and 6; is a  squared 
Euclidean distance between haplotypes i and j defined 
as 

where W is a square m X m weighting matrix that allows 
us to deal with  possible interactions  among loci and 
unequal locus weighting schemes (see EXCOFFIER et al. 
1992). If loci are assumed independent  and  are given 
equal weight, W is the identity matrix I and 

m 

6; = ( a& - ajk)'. (4) 
k= 1 

Under this assumption of interlocus  independence, 
the sums of squared deviations can be partitioned  into 
m single-locus components as 

6.w 

- - ( 2 N -  P) SSD(7); - ( 2 N -  1 )  SSD(WZ'), 
( 2 N -  P) E;, SSD('ZJ, - ( 2 N -  1 - 6)  E,"=, SSD(WP),' (5) 
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TABLE 1 

Analysis of molecular variance framework 

Source of variation d.f. SSD MSD E (MSD) 

Among  populations P -  1 SSD(AP) SSD(AP)/(P - 1 )  
Among  genes within populations 2 N -  P S S D ( W )  SSD(W) / (2N  - P) d 
Total 2 N -  1 SSD( T)  

g 2  + nlu2 

where P is the  number of' sampled  populations, N, is the sample size for the ith population,  and N = 1; N,, the total number 
of sampled individuals. 

= f q i  6; , (5b) 
k= I k= I 

and 6,s-r is therefore  equal to the weighted average of 
single-locus ratio estimator (8,) defined by WEIR and 
COCKERHAM  (1984), shown to be essentially unbiased. 
This AMOVA treatment,  although initially considering 
a  chromosome to be the segregating unit within a  popu- 
lation, is thus formally equivalent to a  treatment where 
each locus would be  considered  independently in turn, 
provided that W = I. 

The AMOVA treatment has already been  applied to 
multilocus nuclear  data in diploids by PEACAL.L et al, 
(1995).  These  authors have  also described the use  of 
AMOVA to estimate intra-individual variance compo- 
nents and measures of inbreeding such as FI,s and &. 
The AMOVA can also be compared to other estimators 
of population  differentiation based on molecular diver- 
sity. HUDSON et nl. (1992) defined an estimator (<&>) 
of population  genetic  structure from DNA sequence 
data as 

(&/) = 1 - - H7" , (HUDSON et al. 1992) (6) 
H,, 

where H,,, is the mean number of nucleotide differences 
between DNA sequences sampled from the same popu- 
lation, and H,) is the  mean  number of differences be- 
tween sequences sampled from different  populations 
(HUDSON et al. 1992). <FsI.> is therefore similar to 8, 
calculated by treating each nucleotide site as a single 
locus, and  then averaging over sites.  LYNCH and CREASE 
(1990) defined another estimator of population differ- 
entiation  inferred from DNA sequences, N s 7 . ,  which  dif- 
fers from < F s I . >  only in not including  the Jukes-Cantor 
correction  for multiple substitutions per site (HUDSON 
et al. 1992). 

It is worth mentionning  that all the estimators dis- 
cussed so far have been designed to estimate the same 
population  parameter &. Another class  of estimators 
(see e.g., TAKAHATA and PALUMBI 1985) has been de- 
signed to estimate another population  parameter, G~sr, 
defined by NEI (1973). They mainly differ from the 
estimators of Fsr by considering  a weighted average of 
differences among alleles drawn at  random from the 

whole collection of populations, instead of a weighted 
average of differences among alleles drawn from differ- 
ent populations. The differences between the two pa- 
rameters and their estimators are reviewed in CHAKRA- 
BORTY and DENKER-HOPFE (1991) and in COCKERHAM 
and WEIR (1993). 

Relationship  between  Slatkin's RsT and +ss SLATKIN 
(1995) has recently defined IiS7., a G,sI. analogue for 
microsatellite data  at  a single locus, taking into  account 
the difference between microsatellite allelic  sizes, very 
much like others have incorporated  the differences in 
electrophoretic mobility among allozymes (e.g., RICH- 

ARDSON and SMOUSE 1976; RICHARDSON et al. 1977) or 
the differences between allelic phenotypic effects for 
quantitative characters ( . g . ,  CHAKRABORTY  and NEI 
1982) to evaluate population differences. R,Sr is defined 
as 

s- s, 
s RS7. = - , (SLATKIN, 1995) 

where S, and s are  the average squared difference in 
allele size between pairs of genes within populations 
and between pairs of genes taken from a collection of 
P populations, respectively (SLATKIN 1995).  The size  of 
the ith allele (a,) is here simply equal to the  number 
of repeats it carries. If one defines the painvise  allelic 
distance equivalent to (4)  for a single locus as the 
square of the difference in the  number of repeats be- 
tween two alleles, one can show that under SLATKIN'S 
notations and assumptions, 

where S, is the average squared  difference in allele size 
between pairs of genes from different  populations.  It 
follows that  the relationship between SLATKIN'S R,sI.and 
at  a single locus is 

Q's7. = 
- ( 1  - c)&. 

1 - CRY/ .  
- 3  

where c = (2N - P)/(2NP - P), and  the difference 
between R,sT and 6,sr is analogous to that between and 
GsI. and F s I . .  The equilibrium value  of the  parameter 
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( P ~ ~ ~ . )  estimated by @,s,. for microsatellite data has been 
determined by ROUSSET (personnal  communication), 
who  also first derived the  relationship between R,w 
and 

For the  treatment of multilocus data, SLATKIN (1995) 
suggested to use a weighted average across loci similar 
to that  defined  in (5b). It implies that microsatellite 
multilocus data can be analyzed with a single AMOVA 
if one sums the  squared differences in allele size  over 
loci, as in (4). 
Computing eST in diploid  populations: Typically, if 

one has molecular data on physically linked loci, such 
as DNA sequence  data, restriction fragment  length poly- 
morphisms, or a  combination of microsatellite data, 
diploid individuals may be heterozygous at  more than 
one locus and  the gametic phase may be ambiguous. 
However,  as no linkage information is  necessary to com- 
pute @,sr, diploid multilocus heterozygous genotypes 
need  not  be resolved to estimate the  amount of  popula- 
tion genetic  structure  for  codominant markers. Instead 
of first trying to resolve the haplotypes of each individ- 
ual and to estimate their sample frequencies, which may 
be a complex procedure (EXCOF-FIER and SLATKIN 1995; 
LONG et al. 1995),  one  could  proceed as  follows: (1) 
define  the gametic phase at  random  and thus two 
dummy haplotypes for each individual of each popula- 
tion, (2) calculate the dummy haplotype frequencies 
by simply counting  them  and ( 3 )  define  a matrix of the 
squared Euclidean distances among all dummy haplo- 
types. The definition of this matrix depends  on whether 
one wants to calculate statistics equal to 8 [the single 
locus Fs/. analogue  defined by COCKERHAM  (1973), 
where distances between alleles are  equal to one if al- 
leles are  different, or zero if they are identical], 8, (the 
weighted average defined by WEIR and COCKERHAM 
(1984), where distances are  the sum of allelic differ- 
ences over all loci), or &-like (defined  for microsatel- 
lite data, where the distances are  the sum of squared 
differences in allele size over all loci). One would next 
carry out  an AMOVA analysis  as if the dummy haplo- 
types and their  frequencies were the real ones. The 
locus-by-locus structure of Equation  5  guarantees  that 
the sums of square deviations both within or  among 
populations  are insensitive to the  choice of the haplo- 
typic phase in the diploid individuals. 

The use  of dummy haplotypes will yield correct esti- 
mates of population  differentiation, even if the loci are 
statistically linked, as long as  all  loci are given equal 
weight (WEIR and COCKERHAM 1984). Special care is 
however required  for testing the significance of these 
estimates. AMOVA currently tests the significance of 
population  differentiation estimates by randomly per- 
muting whole haplotypes, thus  constructing an empiri- 
cal null distribution of the estimator under  the hypothe- 
sis  of complete linkage among loci. If the individual 
loci composing  the haplotypes are totally linked and 
the gametic phase is known, such as for animal mito- 

chondrial markers or DNA nucleotide sequences, then 
permuting  the haplotypes is the  correct testing proce- 
dure. If the loci composing  the haplotypes are statisti- 
cally independent,  then  permuting dummy haplotypes 
across populations is a conservative procedure, in the 
sense that significance levels will be overestimated be- 
cause the empirical null distribution will be  more platy- 
kurtic than  the  true null distribution.  If, however, some 
of the loci are statistically linked and  the gametic phase 
is not known, then  permuting  the dummy haplotypes 
will lead to erroneous significance levels. In  that case, 
an empirical testing procedure  appears difficult to 
build without an exact knowledge of  the  pattern of 
disequilibrium among loci. It would thus  appear neces- 
sary to estimate the disequilibrium patterns and incor- 
porate  them in the analysis  of the  population genetic 
structure,  a  procedure opened  to investigation. 
A personal computer-based computer  program (WINA- 
MOVA)  is available to perform  the AMOVA treatment 
up to two hierarchical levels (individuals in  populations 
and populations into groups) allowing for  unequal sam- 
ple sizes, and to test the significance of variance compo- 
nents and @-statistics using the  permutation  approach 
described above. It can be retrieved by anonymous ftp 
on  acasunl.unige.ch, directory pub/comp/win/amova 
or by connecting to http://acasunl.unige.ch/LGB/ 
Software/Windoze/amova. 
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